The dyneins are a class of motor protein involved in ciliary and flagellar motility, organelle transport, and chromosome segregation. Because of their large size and subunit complexity, relatively little is known about their mechanisms of force production and regulation. We report here on the expression and analysis of the entire rat cytoplasmic dynein heavy chain (Mr 532,000). Full-length cDNAs were constructed from a series of partial clones and tagged at the C terminus with either a FLAG-epitope tag or a His6-tag. The recombinant polypeptides were expressed either in insect cells by baculovirus infection or in COS-7 cells by transient transfection. The recombinant protein was mostly soluble and showed good microtubule binding. It exhibited a broad sedimentation proflle, indicative ofthe formation ofdimers as well as higher order multimers. Good microtubule gliding motility activity was observed in assays of heavy chain expressed in either insect or COS-7 cells. Average microtubule gliding velocities of 1.2-1.8 ,um/sec were observed, comparable with the rates determined for calf brain cytoplasmic dynein. These results represent the first indication that recombinant heavy chain alone is capable of force production, and should lead to rapid progress in defining the dynein motor domain.
The dyneins are a family of motor proteins that produce force toward the minus ends of microtubules (1, 2) . Axonemal dyneins are responsible for ciliary and flagellar movement (3); cytoplasmic dynein is responsible for retrograde organelle movement and possibly some aspects of mitosis (4) (5) (6) (7) (8) . Despite the biological importance of these proteins, progress in understanding their mechanism of action has been hindered by their great size (typically >106 Da) and subunit diversity and complexity.
Dyneins contain from one to three globular head domains, which are assumed to be the force-generating units. The dynein heads are enormous [330-400 kDa (9) (10) (11) ] in comparison with those of the kinesins [35] [36] [37] [38] [39] [40] (12, 13) ] and myosins [90 kDa (14) ]. Each dynein head is composed, at least in part, of an extremely large heavy chain (HC; 471-538 kDa), which is thought to be responsible for ATPase activity (2) . The HCs contain four P-loop consensus sequence elements implicated in ATP hydrolysis, spaced at 35-40 kDa intervals within the center of the polypeptide (15) (16) (17) (18) (19) . This situation contrasts with that for the HCs of other known motor proteins, which each contain individual, terminal P-loop elements. The dyneins also contain a greater array of accessory subunits, including intermediate chains ("70-80 kDa), which are implicated in subcellular targeting (20, 21) , light intermediate chains (53-59 kDa), and light chains (--8-22 kDa) (for review, see ref. 2 ).
The light intermediate chains (22, 23) , which have been found only in cytoplasmic dynein [and have also been referred to as light chains (22) ], each contain an additional P-loop element. The roles of the multiple HC P-loop elements and of the accessory subunits in force production are poorly understood.
While substantial progress has been made in understanding the mechanism of force production by the kinesins and myosins, the size and complexity of the dynein HC has precluded a similar level of analysis. We now report the production of full-length recombinant cytoplasmic dynein HC in insect and mammalian cells and the first evidence for in vitro motility by a recombinant dynein polypeptide.
MATERIALS AND METHODS
Expression of Recombinant Cytoplasmic Dynein HC. Fulllength cytoplasmic dynein constructs were made by ligating previously described cDNA fragments (18) *To whom reprint requests should be addressed. e-mail:
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Ni2+-affinity chromatography, infected HiS cell extracts were applied in binding buffer (20 mM Tris HCl, pH 7.9/5 mM imidazole/500 mM NaCI) to a 1 ml column of His-bind resin (Novagen) charged with Ni(SO)4. After washing the column with 10 vol of imidazole at increasing concentrations (5-60 mM), the HC was eluted using binding buffer containing 500 mM imidazole. The eluted protein was immediately supplemented with 1 mM DTT and 0.1% Triton X-100 (Pierce), and the peak fractions were pooled and rapidly exchanged into Tris KCl buffer by PD-10 gel filtration chromatography. Alternatively, for microtubule gliding assays, the recombinant HC was eluted using a hexahistidine peptide at 2 mM in binding buffer. To assay for microtubule binding, recombinant dynein HC was centrifuged at 40,000 x g at 4°C for 30 min 1 mg/ml of microtubules prepared by taxol-stabilization of a DEAE-purified calf brain tubulin (25) . The microtubules were washed 1 x using Tris KCl buffer, incubated in Tris-KCl buffer containing 5 mM Mg-ATP for 10 min at room temperature, and centrifuged again as described. Sucrose density gradient centrifugation of insect cell extracts was performed using a 5-20% sucrose gradient as described (26) . Gel electrophoresis was performed according to the method of Laemmli (27) using 7.5% polyacrylamide, and gels were stained for protein using Coomassie brilliant blue. For immunoblotting, the electrophoretically separated polypeptides were transferred to nitrocellulose (28) . Primary antibodies included a monoclonal anti-FLAG antibody (IBI) and a rabbit polyclonal antiDrosophila cytoplasmic dynein HC antibody generously provided by T. Hays [University of Minnesota, Minneapolis (29)], and the reactive bands were visualized by chemiluminescence (ECL; Amersham).
In Vitro Motility Assays. Microtubule gliding motility was assayed in the method described (26) . Assays were performed at 30°C in the presence of 1 mM ATP, 10 mM creatine phosphate, and 80 mg/ml of creatine phosphokinase (Boehringer Mannheim) as a regenerating system. For the COS-7 cell-expressed FLAG-tagged HC, 3.3 mg/ml of anti-FLAG monoclonal antibody was adsorbed to glass coverslips for 60 min at room temperature, the coverslips were blocked with 5 mg/ml of casein for 30 min, and they were then exposed for 2 hr to COS-7 cell extracts. For quantitation of motility, random fields were selected from videotape records.
RESULTS AND DISCUSSION
Efforts to identify mechanochemically active bacterially expressed fragments of the HC have been unsuccessful. One construct investigated in detail in our laboratory (R208: aa 1890-2236) exhibited good solubility and excellent microtubule cosedimentation. However, dissociation from microtubules using ATP was very limited, and no activity was observed in a microtubule gliding assay.
The incomplete activity of this fragment could reflect the absence of important functional regions or the lack of required accessory polypeptides. As a first step in discriminating between these possibilities, we constructed both a mammalian expression vector containing the entire protein coding region of the rat cytoplasmic dynein HC with either a FLAG-epitope tag or a His6-tag at the C terminus. We observed that, despite the substantial size of the HC (532 kDa), it could be successfully expressed in both insect and mammalian cells (Figs. 1-3 ). That the polypeptide was expressed in its entirety was indicated by immunoblotting against the C-terminal FLAG epitope tag (Fig. 1) , and by Ni+2-affinity chromotography of the His6-tagged polypeptide (Fig. 2a) . More than half of the insect cell-expressed protein remained soluble during the preparation of cytosolic extracts.
To determine whether the recombinant HC was capable of microtubule binding, the insect cell-expressed polypeptide was assayed for cosedimentation with taxol-stabilized microtubules (Fig. 2b) . Most of the recombinant HC sedimented with microtubules, whereas almost no sedimentation was observed in the their absence, suggesting that the microtubule-binding activity of the polypeptide was well-preserved. However, very little HC was released from the microtubules by ATP, compared with '50-80% for cytoplasmic dynein purified from brain tissue (30, 31) . Similar behavior has been observed for the kinesin-related protein KIF4 expressed using the baculovirus system (32) . As for KIF4, additional dynein HC could be dissociated from microtubules under increased ionic strength conditions (data not shown).
Cytoplasmic dynein from vertebrate tissue and other sources sediments as a symmetric peak of -20S (26, 33) and contains two HCs (11) , but whether the HC is capable of dimerization alone or requires accessory subunits is unknown. To analyze the state of self-association of recombinant rat cytoplasmic dynein HC, sucrose density gradient centrifugation of Hi5 insect cell extracts was performed (Fig. 3) . In control uninfected insect cells, a low level of endogenous cytoplasmic dynein could be detected sedimenting as a 20S peak (Fig. 3b) . In the infected cells, the overall levels of endogenous polypeptides were reduced due to viral takeover of the host cell translational machinery (Fig. 3a) . The recombinant HC could be readily detected relative to the endogenous polypeptides and could clearly be seen to sediment as a broad plateau rising in the 20S region and extending toward the bottom of the gradient (Fig. 3a) . This result suggests that the HC is capable of dimerization, but that higher order oligomers are also formed. As a further test for HC self-association, the insect cells were coinfected with recombinant baculovirus containing, respectively, FLAG-and His6-tagged HC inserts, and cytosolic extract from the infected cells was subjected to Ni2+-affinity chromatography. The bound protein contained a substantial level of FLAG-HC as determined by immunoblotting with anti-FLAG antibody, supporting an interaction between the FLAG-and His6-tagged polypeptides (data not shown). Proc. Natl. Acad. Sci. USA 93 (1996) iiow To test the recombinant protein for force-producing activity, two variations of a microtubule gliding assay were used. First, coverslips were coated with recombinant HC from sucrose density gradient or Ni2+-affinity chromatography fractions, and microtubules were assayed for binding to the coverslips and gliding movement in the presence of 1 mM ATP (Figs. 3c  and 4) . Sucrose gradient-fractionated HC showed good microtubule binding and microtubule gliding activity in the fractions containing recombinant HC (Figs. 3c and 4c ). Motility activity was observed in uninfected insect cells as well, but the profile and extent of activity clearly differed from that for the infected cell extracts (Fig. 3c) . Microtubules exhibited discontinuous movement on coverslips coated with recombinant HC-containing fractions, but over a period of several minutes most of the microtubules in a given field were seen to glide. Similar behavior has been observed previously in preparations of dynein purified from tissues and cells (34, 35) . The average and peak microtubule-gliding rates were 1.8 ,um/sec (Fig. 4c) . These values are somewhat higher, but in the general range of those obtained for cytoplasmic dynein purified from bovine brain tissue [1.25 ,um/sec (26) ].
HC purified by Ni2+-affinity chromatography was also tested for motility (Fig. 4 a and b) . Protein eluted using imidazole exhibited variable activity, and the rates of microtubule gliding were considerably lower than those for dynein purified from brain tissue (Fig. 4a) . These results may reflect an adverse effect of elevated ionic strength on the protein, as excellent motility was observed using a hexahistidine peptide to elute the recombinant HC from the Ni2+ column (Fig. 4b) .
The peak of microtubule gliding rates in this case was 1.4 ,um/sec, although the protein yield was low compared with that using imidazole elution.
As an alternative means to assay for recombinant HC motility, coverslips were coated with anti-FLAG monoclonal antibody and then incubated with extracts of COS-7 cells transfected with the full-length FLAG-HC cDNA construct. Good motility was observed in these cases (peak at 1.2 mm/sec; Fig. 4d ) relative to controls in which the anti-FLAG antibody was omitted, which showed virtually no microtubule binding or motility (data not shown).
Together these experiments provide the first evidence for force-producing activity of recombinant dynein HC. The peak rates for microtubule gliding were close to those obtained using the dynein holoenzyme purified from brain tissue, indicating that accessory subunits are not absolutely required for full motor activity. Remarkably, the recombinant protein was expressed in its entirety and remained mostly soluble. However, its behavior was clearly distinct from that of the complete protein obtained from brain and other tissues. Most noteworthy was the tendency of the recombinant HC to self-associate and the limited extractability of the recombinant protein from microtubules using ATP. These aspects of the behavior of the recombinant protein may reflect the exposure of normally occupied subunit binding sites and, perhaps, effects of the accessory subunits on the individual kinetic constants for the recombinant HC cross-bridge cycle. Conceivably, the cooperative interaction of aggregated dynein molecules with microtubules could alone reduce ATP extractability while preserving microtubule gliding activity. Whatever the basis for the observed differences, it is clear that force production can be obtained from 
